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Zh b oglatkiz T h b SakiE e oz &tk LB O & () s BERELRE S 4 I
g ACBHELERT S Z s, EESRMN (SARME) THhDLHMEN.

A. WIEEM
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X% L, T - B2 - O RIRESIC
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) THY ., WEESEAR Rk~ 2R L LTH|
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Yoshiteru Murofushi - Ken-ichiro Kosai
B ARBAFAEREMFRSTAEN RETHR BEESSF ¢ B WL(EY) U 8E -H(EE) R

1. B C & K
BEETFHEMEFEEMT, 21 HEOERGE

ML LTEOMEI MRS TS, §EFLME,

fii 2 OREE R B L TGO MR £
T &, AWTIR, BICEBLL AENCHI
LT AHEMEOSEFHMEIC L 5 MERaH
WE 75 74 WARY % —(m-CRA ; conditio-
nally replicating adenovirus regulated with
multiple tumor-specific factors) (= % #EiGHE,
14 5 @ F @ HB-EGF(Heparin-binding epider-
mal growth factor-like growth factor)iZd %
FREE~OFEEEIIO2NT, TORRKELBLEY
L 2

2. BICIT BHBET - A I ABEE

2. 1 SBEFAROEERCMER

fhid, AFLEEEEICBITA=ATERTEM
LRI TEB Y, EHOLMEGRED
B I AF O EMBAEOM LOBA 5 b REE

METHE. FORNERO—2ORETFIHERIL,

1991 £ DB OMBE~DERIKRABLI Sk, HE
F MG T Y 960 OFEER 7O b o — ARG
TR SN, £ OBBEBRFBRY L INT
w3, FOER, el (EBANLDY, &
AR LIRS L k) LRGSR I L
ANZIREL TV EWE ENO N E R o, &
TOMEMEORBOMMIZ, “£T" oMl
ABLTLELGTHIFERL TREICIZEL R
WiV ETHD, RETIGROBRTIORITE
32 (32)

nAEL + 5EMN L RETRANZ Y — LG
MREFEHMRETAZ LIS 60,
IR {EF G E, 1990 401 BRR
HBAEHLAL O A VAL EYA b A
A v BAETF O ex vivo A H: () B 45 # B 12 in
vitro BT Cil{ZFHA L, BB THMAGE
{ELTHAICRESTIC L2 MBET 7 F Y RET
5. Thit, HEEHREIA TR LIZNAT,
SR BRPLHFNOEIS b —REELIZIZES
Lol ST OMRETFHERIE, 1990 F
FERTEIC IS S /s in vivo M{E-T G (A8 A5
(TN Y — 2 ERLTRETEATS)TH
N, FOEBRLF—XTT/ 94 VA(ADV;
adenovirus) X7 ¥ —TH s, ZhTHHEHRYR
AR GHEoERBO—2E, ThE6DRy ¥ —
i MAMBORY Y —Thold, 2
in vitro TV { b RETFEABEOB Y & —
T b, in vivo DEADET O - b iz <
WEFEMAT S LIIPEAIATE, 2D
A2 ¥ —HOKIEORET K BAMMRO
ik, BRIARINZA0H6THA(E). &
E52KETHRE L e S HhEm e e oL
(BT 5 “HBERETF/VA FAA VRIETFO
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OERHE, RIETF k" BAMMRY H5EER
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By A WAL AB=HAORETFIERTH L.
AR OMAE 7 4 VA DIRFEIE ADV £X—A
E L7-4 »T, CRA(Conditionally replicating

T LR 7= ) P
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SHRONRMBLT T /9 NAATS—
(CRA; Conditionally replicating adenovirus)
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EEFHI-LSEHROEMHNE P T/ 2 LA~ S~
(m-CRA; CRA regulated with multiple tumor-specific factors)

D REAE-HEREY LA GRETF- 74/ /LRGSR

AR oun m-CRAFF BB
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1 SmEFEREOERE m-CRA {FRIHOMRE
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BIETIERTEDRA YA VAR 7 —FHifi ek
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MR (LR TR L o 4 L ARE
HBThb T/, EBEZNITTo CRA /%R ME
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POREIE ST
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ADV ORIz HAD MR I E1(W { 290 E&
Ha— FEF+EG)THL 00, BN

20001 A8
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Hepatocyte growth factor (HGF) reportedly exerts beneficial effects
on the heant following myocardial infarction and dunng nonischemic
cardiomyopathy, but the precise mechanisms underlying the latter
have not been well elucidated. We generated nonischemic cardiomy-
opathy in mice by injecting them with doxorubicin (15 mg/kg ip).
Two weeks later, when cardiac dysfunction was apparent, an adeno-
viral vector encoding human HGF gene (Ad.CAG-HGF, 1x10"
particles/mouse) was injected into the hindlimb muscles; LacZ gene
served as the control. Left ventricular dilatation and dysfunction
normally seen 4 wk after doxorubicin administration were signifi-
cantly mitigated in HGF-treated mice, as were the associated cardio-
myocyte atrophy/degeneration and myocardial fibrosis. Myocardial
expression of GATA-4 and a sarcomenic protein, myosin heavy chain,
was downregulated by doxorubicin, but the expression of both was
restored by HGF treatment. The protective effect of HGF against
doxorubicin-induced cardiomyocyte atrophy was confirmed in an
in vitro experiment, which also showed that neither cardiomyocyte
apoptosis nor proliferation plays significant roles in the present model.
Upregulation of c-Met/HGF receptor was noted in HGF-treated
hearts. Among the mediators downstream of c-Met, the activation of
extracellular signal-regulated kinase (ERK) was reduced by doxoru-
bicin, but the activity was restored by HGF. Levels of transforming
growth factor-B1 and cyclooxygenase-2 did not differ between the
groups. Our findings suggest the HGF gene delivery exerts thera-
peutic antiatrophic/degenerative and antifibrotic effects on myo-
cardium in cases of established cardiac dysfunction caused by
doxorubicin. These beneficial effects appear to be related 1o HGF-
induced ERK activation and upregulation of c-Met, GATA-4, and
sarcomeric proteins.

heart failure

THE ANTINEOPLASTIC DRUG doxorubicin is highly effective against a
broad spectrum of hematogenous and solid human malig-
nancies, but its clinical use is limited by its adverse side
effects: irreversible degenerative cardiomyopathy and con-
gestive heart failure (29, 32). Much effort has gone into the
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search for treatments able to reduce or eliminate the risk of
doxorubicin-induced cardiomyopathy and congestive heart
failure (11, 31, 33), but so far the ability of these treatments
to protect the heart from damage has been varied and
limited.

Hepatocyte growth factor (HGF), which was originally iden-
tified and cloned as a potent mitogen for hepatocytes (25, 26),
has been shown to exert mitogenic, angiogenic, antiapoptotic,
and antifibrotic effects in various cell types, especially in
epithelial and endothelial cells (5, 14). Moreover, HGF also
reportedly exhibits cardioprotective effects. For instance, HGF
protected cardiomyocytes from acute ischemic death during
myocardial infarction (27, 36), and it enhanced survival among
cardiomyocytes subjected to oxidative stress (13, 36). In addi-
tion to its beneficial effects on cardiomyocytes under acute
stress, recent research has demonstrated that HGF also exerts
beneficial effects on cardiac function in animal models of
chronic heart diseases, including ischemic cardiomyopathy
following old myocardial infarction and hereditary cardio-
myopathy (18, 28, 34). In those cases, the main mechanisms
appeared to be a hypertrophic effect on cardiomyocytes as
well as angiogenic and antifibrotic actions. More recently,
Iwasaki et al. (12) reported that HGF prevents cardiac
dysfunction in an animal model of doxorubicin-induced
cardiomyopathy. In that study, however, HGF was admin-
istered as the protein form, and the delivering method of
HGF was very specific (intravenous injection of HGF
delivered by ultrasound-mediated destruction of micro-
bubbles). The effect of the HGF gene therapy has not been
reported so far on established cardiac dysfunction due to
doxorubicin cardiomyopathy.

Our hypothesis in the present study was that late treatment
with HGF gene transfer can mitigate established heart failure
brought on by doxorubicin-induced cardiomyopathy. To test
that idea, we used an adenoviral vector to transfer the human
(h)HGF gene into mouse hindlimbs (systemic transfection) 2
wk after doxorubicin injection, a time at which cardiac dys-
function was already apparent. We then examined the effects
of the gene on the progression of heart failure during a more
chronic stage and investigated the specific mechanisms in-
volved.
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HGF GENE THERAPY TO CARDIOMYOPATHY

MATERIALS AND METHODS

Recombinant adenoviral vectors. The adenoviral vector plasmid
pAd-HGF, which is comprised of the cytomegalovirus immediate
early enhancer, a modified chicken B-actin promoter, rabbit B-globin
polyA (CAG) and hHGF ¢DNA (Ad.CAG-HGF), was constructed
using the in vitro ligation method described previously (18, 21).
Control Ad-LacZ (Ad.CAG-LacZ) was prepared as described previ-
ously (7).

Measurement of hHGF levels. hHGF levels in plasma and tissues
(n = 3 to 4/group) were measured using an ELISA kit (Institute of
Immunology) as previously reported (18)

Experimental protocols. This study was approved by our Institu-
tional Animal Research Committee and conformed to the animal care
guidelines of the American Physiological Society. Cardiomyopathy
was induced in 10-wk-old male C57BL/6] mice (Chubu Kagaku,
Nagoya, Japan) by a single intraperitoneal injection of doxorubicin
(doxorubicin hydrochloride, Kyowa Hakko, Tokyo, Japan) at a dose
of 15 mg/kg. We previously confirmed both functionally and histo-
logically that, at that dosage, doxorubicin induces cardiomyopathy in
all mice not receiving a therapeutic intervention (16), In sham-
operated mice, the same volume of saline was injected in a similar
manner.

In the first set of experiments (protocol 1), treatment with adeno-
viral vectors was started 2 wk after saline or doxorubicin injection;
Ad.CAG-HGF or Ad.CMV-LacZ at 1 % 10" particles/mouse was
injected into the hindlimb muscles of 10-wk-old male CS7BL/6) mice,
Al that time, mice were assigned to receive saline alone (n = 11),
doxorubicin plus LacZ gene (n = 10), or doxorubicin plus hHGF gene
(n = 9). Before this assignment, echocardiography was done to reduce
any bias among the groups. After an additional 2 wk (4 wk after
doxorubicin administration), all mice received a physiological
examination and were then euthanized with an overdose of pento-
barbital sodium. Cardiac specimens were then collected and sub-
jected to histological, immunohistochemical, and molecular bio-
logical analyses.

In a second set of experiments (protocol 2), we evaluated the role
played by the extracellular signal-regulated protein kinase (ERK)
signaling pathway in mediating the effects of the hHGF gene therapy.
PD-98059 (Cell Signaling), a MEK1-p42/p44 mitogen-activated pro-
tein kinase (MAPK)-specific inhibitor (8), was administered intraperi-
toneally at a dose of 0.5 mg-kg ™' -day ™" for 2 wk to mice given saline
or doxorubicin plus hHGF (n = 7 each), after which the mice were
examined as described in protocol 1.

In vitro study. Cardiomyocytes were isolated from 1-day-old neo-
natal C57BL/6] mice as previously reported (3) and plated on lami-
nin-coated dishes or in slide glass chambers and incubated in Dul-
beceo's modified Eagle's medium (Sigma) supplemented with 10%
FBS (Sigma) for 48 h at 37°C. Doxorubicin was then added to the
medium to a final concentration of 0.1 pmol/l. Simultaneously.
recombinant hHGF (Wako) was added to a concentration of 0, 0.02,
0.2, 2, or 10 ng/ml. For the controls, doxorubicin and/or HGF was
replaced with the same volume of saline. Twenty-four hours later, the
cells were collected for morphometric and biochemical analyses.

The cardiomyocytes in slide glass chambers were fixed in 4%
paraformaldehyde, permeabilized with 0.05% Triton X, and stained
with rhodamine phalloidin and Hoechst 33342 (both from Molecular
Probes). Digital images captured using a laser-confocal microscope
system (LSMS510, Zeiss) were employed for morphometric analysis
using Photoshop 7.0 (Adobe Systems). Proteins extracted from car-
diomyocytes on dishes were used for Western blot analysis.

Physiological studies. Echocardiography and cardiac catheteriza-
tion were carried out as described previously with modifications (16).
Animals were anesthetized with halothane (induction, 2%; mainte-
nance, 0.5%) in a mixture of N»O and O, (0.5 Vmin each) via a nasal
mask. Echocardiograms were recorded using an echocardiographic
system (Vevo770, Visualsonics) equipped with a 45-MHz imaging

H1049
transducer before treatment and at death. Following echocardiogra-
phy. the right carotid artery was cannulated with a micromanometer-
tipped catheter (SPR 671, Millar Instrument) that was advanced into
the aorta and then into the left ventricle for recording pressure and
maximal and minimal first derivative of pressure (+dP/dr).
Histological analysis. Following echocardiography, each heart was
removed and cut into three transverse slices. Of those, the middle slice
was fixed with 10% buffered formalin and embedded in paraffin, after
which 4-pm-thick sections were stained with hematoxylin-eosin or
Sirius red F3BA (0.1% solution in saturated aqueous picric acid)
(Aldrich). Quantitative assessments, including cell size and cell num-
ber, were carried out in randomly chosen high-power fields (HPFs) in
each section using a multipurpose color image processor (LUZEX F,
Nireco). The fibrotic area was measured by searching the entire
ventricle. Cardiomyocyte size (expressed as the transverse diameter of
myocytes cut at the level of the nucleus) and cell populations were
assessed in 20 randomly chosen HPFs in each section.
Immunohistochemistry. After deparaffinization, the 4-pm-thick
sections were incubated with a primary antibody against c-MeVHGF
receptor (Santa Cruz), endothelial cells (Flk-1, Santa Cruz), leuko-
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Fig. 1. A: human hepatocyte growth factor (hRHGF) levels in the hindlimb
muscles of mice injected with adenoviral vector 3 days earlier were detected by
ELISA. B: time course of hHGF levels in the plasma of mice after adenovirus
injection. C: time course of hHGF levels in the heart. Numbers in parentheses
indicate those of animals used per group *P < 0.05 vs. doxorubicin (Dox) +
LacZ group
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cytes (CD45, Pharmingen), or Ki-67 (Santa Cruz). A Vectastain Ehie
ABC system (Vector) was then used to immunostain the sections
diaminobenzidine served as the chromogen, and the nucler were
counterstained with hematoxylin. Quantitative assessments, including
the number or area of the immunopositive cells, were made in 20
randomly chosen HPFs using the multipurpose color image processor

In situ terminal dUTP nick-end labeling (TUNEL) assays were
carmed out with sections using an ApopTag kit (Chemicon) according
to the supplier’s instructions. Mouse mammary tssue served as a

positive control

TO CARDIOMYOPATHY

Electron microscopy. Cardiac specimens were immersion fixed
overnight in phosphate-buffered 2.5% glutaraldehyde (pH 7.4), post
fixed for 1 h with 1% osmium tetroxide, dehydrated through a graded
ethanol series, and embedded in Epon medium. Ultrathin sections
were stained with uranyl acetate and lead citrate and observed in an
electron microscope (H700, Hitachi, Tokyo, Japan)

Western blot analysis. Heart tissue lysates were used for Western
blot analysis. Proteins were separated and transferred to membranes
using standard protocols, after which they were probed using antibod
ies against GATA-4 and myosin heavy chain (MHC) (both from Santa
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Fig. 2. Effects of hHGF gene delivery on cardiac
remodeling and function assessed 4 wk after Dox
injection (protocel 1). The indicated parameters
were measured using echocardiography (A) and
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Cruz), transforming growth factor-B1 (TGF-B1, Promega), cycloox-
ygenase-2 (Santa Cruz), and Akt or ERK (both from Cell Signaling)
Activation of Akt and FRK was assessed using antibodies against the
phosphorylated form of Akt (p-Akt) and p-ERK (both from Cell Signal-
ing), respectively. Procaspase-3 and the activated form of caspase-3 were
evaluated using anti-caspase-3 antibody (Santa Cruz). Westem blot anal-
ysis of hHGF was performed using anti-human IgG antibody (DA KO)
Three to five hearts from each group were subjected to the blotting
The blots were visualized by means of enhanced chemiluminescence
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DOX+LacZ
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(Amersham), and the signals were quantified by densitometry a-Tu-
bulin (analyzed using an antibody from Santa Cruz) served as the
loading control

Immunoprecipitation and Western blot analysis for c-Met. Heart
tissue lysates were subjected to ymmunoprecipitation assays carried
out with Ultra-Link Biosupport medium (Pierce) using anti-c-Met
antibody (Santa Cruz). Thereafter, the immunoprecipitate was analyzed
by Westem blot analysis using the same antibody. Three to five hears
from each group and three normal livers were subjected to the assay.

DOX+HGF

Fig. 3. Effects of hHGF gene delivery on car
diac histology in mice 4 wk afier Dox adminis-
tration (protocol 1. A: photomicrographs of his
tological [hematoxylin-eosin (HE) and Sinus red
stained] and immunohistochemical (Fik-1 and
CD45) preparations of heart specimens from
the indicated groups. Arrows point (o imimnu
nopositive cells; scale bars, 20 wm. B: mor-
phometric data. *P < 0.05 vs. sham group;

-
CD‘;‘S_'F'E;E" #P < 0.05 vs. Dox + LacZ group. C: electron
0.12 4 photomicrographs of doxorubicin-induced car-
diomyopathy treated with LacZ or hHGF gene
p=na (bar, 1 wm)
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Fig. 4. ¢-Met expression in the heart. Western blot (A) and immunchistochem-
ical (B) analyses. *P < 0.05 vs. sham group; #P < 0.05 vs. Dox + LacZ
group. Arrows indicate intramyocardial vessels. Bars, 20 pm.

Statistical analysis. Values are shown as means = SE. Survival
was assessed by constructing Kaplan-Meier curves, which were ana-
lyzed using the log-rink Cox-Mantel method. The significance of
differences between groups was evaluated using one-way ANOVA
with a post hoc Newman-Keuls multiple comparisons test. Values of
P < 0.05 were considered significant

Fig. 5. Westemn blot analysis of sarcomere-related (A) and fibrosis-related (8)
proteins. A: myocardial expression of GATA-4 and myosin heavy chain
(MHC). B: myocardial expression of transforming growth factor-g1 (TGF-g1)
and cyclooxygenase-2 (COX-2). Graphs are not shown for TGF-Bl and
COX-2 since there were no significant differences among the groups. *F <
0.05 vs. sham group; #F < 0.05 vs. DOX + LacZ group
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